The sequence of the 7356 nucleotide [excluding the 3' poly(A)] RNA-1 of tomato black ring virus (TBRV) was determined from overlapping cDNA clones. A putative initiation codon at nucleotide 26l was considered to be the start of an open reading frame which terminates at a UAG codon at position 7053. The predicted translation product is a protein of 2264 amino acids with an Mr of 253 680 (254K). Comparison of the amino acid sequence of this 254K protein with other viral proteins revealed three regions, each having about 60~ homology with a region of the three cowpea mosaic virus (CPMV) proteins (58K, 24K, 87K) which are thought to be involved in replication of the CPMV RNAs. The same regions show similarities, although less extended, with proteins 2C, 3C and 3D of picornaviruses. From these results we suggest that the genome organization of TBRV is similar to that of comoviruses and picornaviruses.
INTRODUCTION
Tomato black ring nepovirus (TBRV) has a genome consisting of two ssRNA species of Mr 2"69 × 106 (RNA-1) and 1-65 × 106 (RNA-2) (Murant et al., 1981) . Both species are 3'-polyadenylated (Mayo et al., 1979) and contain a Y-terminal genome-linked protein (VPg) (Koenig & Fritsch, 1982; Mayo et al., 1982) . TBRV RNAs have many features in common with comovirus RNAs. Cowpea mosaic comovirus (CPMV) and TBRV have bipartite genomes, although the larger RNA of both viruses is able to replicate independently of the second RNA in inoculated protoplasts (Goldbach et al., 1980; Robinson et al., 1980) . The smaller RNA of each, TBRV RNA-2 and CPMV M-RNA, codes for the coat protein (Randles et al., 1977; Franssen et al., 1982) . When translated in vitro each virus RNA induces the synthesis of polyproteins corresponding to their entire coding capacity (Fritsch et al., 1980; Pelham, 1979) . Although cleavage of CPMV polyprotein gave rise to functional proteins which could be detected in vivo and in vitro (Goldbach & Van Kammen, 1985) cleavage of the TBRV polyprotein yielded no functional protein, except coat protein, that could be detected in vivo or in vitro.
The nucleotide sequence of TBRV RNA-2 [4662 nucleotides excluding the poly(A) tail] has been determined (Meyer et al., 1986) . Here, we report the complete nucleotide sequence of RNA-1 of TBRV (S strain) and, from a comparison of the deduced translation products with those of CPMV and other virus RNA species, we propose a genetic organization for TBRV RNA-1.
METHODS
Virus purification. Strain S of TBRV was propagated in Nicotiana clevelandii. Purification of virus particles and RNA extraction were as described previously (Fritsch et al., 1978) .
Preparation of nucleic acids. RNA-1 was separated from the other RNA species by sedimentation in a sucrose gradient (Fritsch et al., 1978) . Plasmid DNA was isolated from bacterial cells by alkaline lysis and purified by centrifugation in a CsC1 gradient containing ethidium bromide (Maniatis et al., 1982) .
cDNA synthesis and cloning, cDNA of TBRV RNA-1 was synthesized and dC-tailed cDNA-RNA hybrids were cloned in PstI-linearized dG-tailed pBR322 as described by Meyer et al. (1986) . Recombinant plasmids obtained were used to transform Eseherichia coli C600K5 (Dagert & Ehrlich, 1979) and transformants were selected from tetracycline-resistant, ampicillin-sensitive colonies. eDNA of the 3' end of TBRV RNA-1 was cloned by the method of Heidecker & Messing (1983) , as modified by Bouzoubaa et aL (1985) , using an oligo(dT)-tailed plasmid pUC9 (P-L Biochemicals). Recombinant pUC9 plasmids were used to transform E. coil JM103 (Messing, 1983) .
Analysis of cloned eDNA. Plasmid DNA was extracted by the alkaline lysis method (Biruboim & Doly, 1979) . After digestion of recombinant pBR322 with PstI or of recombinant pUC9 with the appropriate restriction enzymes, the size of the eDNA insert was estimated by electrophoresis in a 1 ~ agarose gel.
Clones containing an insert complementary to RNA-I were identified by Northern hybridization of nicktranslated recombinant plasmid to TBRV RNA species separated by electrophoresis in a 1 ~ agarose gel and transferred to nitrocellulose (Thomas, 1980) . Colonies containing recombinant plasmids were also screened by colony filter hybridization (Maas, 1983 ) using nick-translated DNA fragments shown to be complementary to RNA-1.
Nucleotide sequence analysis. The nucleotide sequence of eDNA inserts was determined both by the partial chemical degradation method of Maxam & Gilbert (1980) , and by the dideoxynucleotide chain termination method (Sanger et al., 1977) after subcloning of appropriate restriction fragments into M13mpl0 or M13mpl 1 vectors (Messing, 1983) . The 5'-labelled oligodeoxyribonucleotide 5'-GGTGCAGGGCGTTAC was used as a primer for synthesis of DNA complementary to the 5' end of the RNA. Sequence data were analysed using the University of Wisconsin Genetics Computer software package (Devereux et al., 1984) run on a VAX 11/750 computer.
Sequence comparisons. RNA and protein sequences were compared using the programs COMPARE and DOTPLOT. For scoring amino acid homologies, the modified MDM78 matrix described by Staden (1982) and normalized by multiplication by 0-1 was used. Dot matrix graphs were constructed by using a scan window of 21 and stringency values of 23 to 25 and of 14 to 17 for amino acids and nucleotides, respectively.
Alignments of homologous sequences (of nucleotides or amino acids) were obtained with the programs GAP and BESTFIT using a direct identity matrix with gap penalties of 3 to 5 and gap length penalties of 0-15 to 0.3.
RESULTS

Characterization of clones and sequence analysis
The eDNA inserts of seven recombinant plasmids were selected to determine the TBRV RNA-1 complete nucleotide sequence (Fig. 1) . Recombinant plasmids p160 and p172 were shown to contain nucleotide sequences complementary to RNA-1 by Northern hybridization. DNA of p160 also hybridized to RNA-2 but digestion of the DNA with PstI and DdeI produced three fragments of which only two, of 100 and [ 50 nucleotides, hybridized with both genomic RNAs. These cross-hybridizing fragments were located at the 3' end of the insert. Neither of the eDNA inserts in p160 and p172 contained a poly(dA) stretch, even though synthesis of eDNA was primed with oligo(dT)l 2-18. However poly(dA) is present in pSTP29, which was obtained by priming eDNA synthesis with oligo(dT)-tailed pUC9. 
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UUC A~ AGU CCU UUU AUC A~ UCC UCU AGC A2~U UUC GAG GAU GUU CCU GCA ~C UGU ~ GUU CGU GAU AUU GAA GCA UAU .%GA Sequence of TBR V RNA-1 showed the presence of a single large ORF of 6792 nucleotides from position 261 to the UGA termination codon at position 7053. No other ORFs present either in (-) or (+) sense RNA exceeded 465 nucleotides in length. The AUG at position 261, the first potential initiation codon of the sequence, is preceded by an A in position -3 which seems to be important as a ribosomal recognition sequence in eukaryotic mRNAs (Kozak, 1981) . Nevertheless the AUG at position 498 (the third AUG in the same ORF) surrounded by a G in positions -3 and +4, and by a C in position -2 would also fit with the surrounding initiation codon consensus sequences proposed by Kozak (1984;  CCA/GCCAUGG) and by Liitcke et al. (1987; AACAAUGCC) . Assuming that translation -begins a_t the first AUG, the translation product would comprise 2264 amino acids and have an Mr of 253 680, which corresponds to the Mr of 250000 estimated for the largest product of in vitro translation of RNA-1 (G. Demangeat, personal communication). However, products beginning at any of the three AUG codons would correspond to this product after allowing for PAGE errors.
Sequence homologies between RNA-1 and RNA-2
Comparison of the nucleotide sequence of RNA-1 with that previously determined for RNA-2 (Meyer et al., 1986) showed extensive homology between 5' and 3' non-coding regions. The 5' non-coding region of RNA-1 is shorter by 19 nucleotides than that of RNA-2, but of the first 260 nucleotides (corresponding to the 5' non-coding region of RNA-1) only 44 differ in scattered as the denominator.
positions, and there is a level of homology of 83 ~. The entire 3' non-coding regions of the two species were identical.
Comparisons of the 254K protein of TBR V with other viral proteins
TBRV RNAs show many structural similarities with RNAs of picornaviruses, comoviruses and potyviruses. They all have 3'-polyadenylated positive-sense ssRNA with a 5'-linked VPg and each is translated into a polyprotein that is cleaved to give functional proteins. In an attempt to locate TBRV RNA-l-encoded proteins, we searched for amino acid sequence homologies between the TBRV 254K protein and the polyproteins of poliovirus (Kitamura et al., 1981; Racaniello & Baltimore, 1981; Nomoto et al., 1982) , foot-and-mouth disease virus (FMDV; Carroll et al., 1984) , encephalomyocarditis virus (EMC; Palmenberg et al., 1984) , CPMV bottom component (Lomonossoff & Shanks, 1983) , tobacco etch virus (TEV; Allison et al., 1986) and tobacco vein mottling virus (TVMV; Domier et al., 1986) .
The matrix graphs obtained using the programs COMPARE and DOTPLOT revealed regions of extended sequence homology between TBRV RNA-1 polyprotein and three proteins (58K, 24K and 87K) of CPMV which have been previously located within the CPMV 200K polyprotein (Wellink et al., 1986) (Fig. 3a) . The same regions showed sequence homologies with proteins 2C, 3C and 3D of poliovirus (Rueckert & Wimmer, 1984) (Fig. 3b ) and other picornaviruses (not shown) although the blocks of matching amino acids were shorter. No homologies became detectable between TBRV and TEV or TVMV proteins when the same search method was used.
Using the BESTFIT program the amino acid sequence of the three regions of TBRV could easily be aligned with the homologous regions of CPMV. Computer-assisted sequence comparisons have already shown sequence homologies between CPMV and picornavirus proteins and Argos et al. (1984) showed alignment of the 58K, 24K and 87K CPMV proteins with the 2C, 3C and 3D picornavirus proteins. Applying the criterion that hydrophobic and polar residues and those which cause turns in the chain should be matched we could also align the three domains of the TBRV 254K polyprotein. The calculated number of identical amino acids and those considered similar within the aligned sequences is shown in Table 1 . This demonstrates the strong homologies between TBRV and CPMV, as 60 to 70~ of compared amino acids are similar and more than half of these are identical. It also shows that TBRV is almost as closely related to picornaviruses as CPMV is. Comparisons of proteins encoded by several RNA viruses reveal domains of homology in the non-structural proteins with a number of conserved residues (Haseloff et al., 1984; Ahlquist et al., 1985 ; Rezaian et al., 1984 Rezaian et al., , 1985 Goldbach, 1986; Bouzoubaa et al., 1987; Domier et al., 1987; Hamilton et al., 1987) which were also found in the TBRV 254K polyprotein.
The conserved residues T/S GXXXTXXXN T/S (where X may be any amino acid residue) and the GDD sequence flanked by hydrophobic residues at both sides found in all RNAdependent RNA polymerases Goldbach, 1986) are present in the 254K TBRV protein at positions 1783 to 1793 and 1826 to 1828. Between TBRV, CPMV and picornaviruses the blocks of conserved amino acids are much longer (Fig. 4a) . In all three proteins studied, the GDD sequence is preceded by a Y residue; a third block is located 44 to 50 amino acids downstream from the GDD sequence and consists of residues FLKRXF.
The sequence GXXGXGK S/T has been proposed as a consensus motif around the phosphate-binding pocket in many purine nucleoside triphosphate-binding proteins (Gorbalenya et al., 1985) . This sequence is located between amino acids 780 and 787 in the TBRV 254K protein and has been found in non-structural proteins encoded by a wide range of RNA viruses [such as tobacco mosaic virus p126 and Sindbis virus nsP2 (Ahlquist et al., 1985) ] as well as in the poliovirus 2C and CPMV 58K proteins, both of which are involved in the RNA replication process (Takegami et al., 1983; Goldbach & Van Kammen, 1985) . The region from amino acids 770 to 903 of TBRV 254K was easily aligned with central regions of both CPMV 58K and poliovirus 2C proteins (Fig. 4 b) and most of the identical amino acids within the three proteins are those found by Argos et al. (1984) to be conserved in CPMV 58K and in three picornavirus 2C proteins.
A third region of TBRV 254K protein extending from amino acids 1390 to 1440 could be easily aligned with the C-terminal regions of the poliovirus 3C and CPMV 24K proteins (Fig.  4 c) . Both proteins are proteases known to be required for processing of the corresponding viral polyprotein (Hanecak et al., 1982; Verver et al., 1987) . The homologies (and the location of these homologies) suggested the presence of a similar protease in TBRV. A homologue of the protease gene has also been identified in the NIa protein of potyviruses (Allison et al., 1986; Domier et al., 1987) . The two characteristic amino acid clusters T K/R XGXCG G/S and IXGXH S/V were found in TBRV with some modifications; in particular L (identified by analysing the two clones p103 and p1792; Fig. 1 ) was found instead of H. This suggests that although C and H were thought to be involved in the active site of the enzyme the H residue at this position may not be necessary for the protease of TBRV to be active.
DISCUSSION
With this report, we complete the nucleotide sequence of the bipartite genome of TBRV (S strain). The 3' non-coding regions of the two RNAs were found to be completely identical. Nearly perfect homologies were also found by Dodd & Robinson (1987) in the last 140 nucleotides of the two RNA species of TBRV strain A. The non-coding regions of the different component RNAs of a virus genome are usually very similar (Ahlquist et al., 1981 ; Lomonossof & Shanks, 1983; Cornelissen et al., 1983; Bouzoubaa et al., 1985; Rezaian et al., 1985) . The extent of similarity between TBRV RNAs is unusual. The common regions presumably contain recognition signals for proteins implicated in replication and/or encapsidation mechanisms. However, the non-coding regions of the satellite RNA of strain S, which uses these mechanisms (Murant & Raschk6, 1982) , share only very small homologous sequences with non-coding regions of its helper RNAs (Hemmer et al., 1987) .
Computer comparisons of the polyprotein of TBRV RNA-1 with those of CPMV and picornaviruses confirm the predicted similarities in genetic organization between these viruses. Possible alignment of TBRV polyprotein with the 58K, 24K and 87K proteins of CPMV and the corresponding 2C, 3C and 3D proteins of picornaviruses suggests that proteins with the same functions are expressed by TBRV RNA-1. These three proteins in addition to the VPg (located in front of the 24K or 3C protease) seem to form a cluster and have been implicated in a membrane-bound replication complex (Goldbach & Van Kammen, 1985; Takegami et al., 1983; Takeda et al., 1986) . The same cistrons in the same order are also represented in potyvirus polyproteins (Domier et al., 1987) .
For TBRV, only the coat protein encoded by RNA-2 was detected in infected protoplasts (Fritsch et al., 1978) and VPg was indirectly shown to be RNA-l-coded (Robinson et al., 1980) . Because no other structural proteins were detected in vivo or in vitro, their Mr remain unknown. We tried to predict the location in the TBRV polyprotein of the three proteins mentioned above by searching for possible cleavage sites. For picorna-, como-and potyviruses only a limited number of dipeptides are known to correspond to possible cleavage sites (Palmenberg, 1987; Wellink et al., 1986; Domier et al., 1987) . All these dipeptides were found within the 254K TBRV protein. If TBRV and CPMV polyproteins were compared as shown in Fig. 3(a) , but using a lower stringency, the regions of low matching scores (intervals), located between the regions with higher matching scores (corresponding to two functional proteins), became very small and only a few dipeptides fell in the intervals and were thus candidates for TBRV cleavage sites (Fig. 5) .
In the interval between the regions that were homologous to the protease and polymerase of CPMV, we found two possible QS cleavage sites; that at position 1440 was seemingly preferable to that at 1480, because it corresponded exactly with the cleavage sites used in CPMV and poliovirus proteins when the C-terminal sequences of the proteases were aligned (Fig. 4 c) . The presence of an alanine at position -4 of the first QS is in favour of this choice, as alanine is the residue most frequently found in position -4 of the cleavage sites of CPMV polyproteins (five of rex; Wellink et al., 1986) and poliovirus polyprotein (five of nine; Kitamura et al., 1981) . and amino acids having similar characteristics (*) are indicated between the two sequences. (/) represents the known (for CPMV) or presumed (for TBRV) cleavage site used to produce VPg.
for CPMV and picornaviruses, TBRV VPg is located between these two proteins, two of these sites should be involved in the generation of VPg. If we assume that the Mr of VPg is not larger than predicted (4000 + 900; Mayo et al., 1982) , location of VPg between sites 1212 and 1232 seems likely and its sequence would suggest the formation of two major tyrosine-containing peptides on trypsin digestion (Mayo et al., 1982) . The predicted sequence for TBRV VPg shows a rather good homology with VPg of CPMV although it is shorter by nine residues (Fig. 6) . It also has a few amino acids in common with VPg of poliovirus (Kitamura et al., 1980) and like all picornavirus VPgs has a tyrosine residue at position + 3. No significant homology could be detected with southern bean mosaic virus VPg (Wu et al., 1987) . The QM site at position 565 on the 254K protein is the first possible cleavage site before the region of homology detected between TBRV protein and the CPMV 58K protein. The few homologies with the 32K CPMV protein found on the N-terminal side of this dipeptide led us to suppose that the TBRV 58K-like protein does not overlap this site.
The Mr calculated for proteins generated by cleavage at the hypothetical sites and the presumed functions of these proteins are given in Fig. 5 . By analogy with CPMV we proposed generation of one protein only (63K) in front of the membrane attachment protein but it is equally possible that two proteins of approximately 30K are formed by cleavage of one of the QA dipeptides located at positions 208 and 326.
The organization of the TBRV RNA-l-encoded polyprotein shown in Fig. 5 is completely hypothetical and must be confirmed by detection of the proteins in vivo and in vitro. Production of sera against synthetic peptides corresponding to different regions of the amino acid sequence of the 254K protein should be helpful in these analyses, as should the construction and expression of full-length DNA copies of the two TBRV RNA species.
